Glaucoma is a lifelong disease with elevated intraocular pressure (IOP) as the main risk factor, and reduction of IOP remains the major treatment for this disease. However, current IOP-lowering therapies are far from being satisfactory. We have demonstrated that the lentivirus-mediated exoenzyme C3 transferase (C3) expression in rat and monkey eyes induced relatively long-term IOP reduction. We now show that intracameral injection of self-complementary AAV2 containing a C3 gene into mouse and monkey eyes resulted in morphological changes in trabecular meshwork and IOP reduction. The vector-transduced corneal endothelium and the C3 transgene expression, not vector itself, induced corneal edema as a result of actin-associated endothelial barrier disruption. There was a positive (quadratic) correlation between measured IOP and grade of corneal edema. This is the first report of using an AAV to transduce the trabecular meshwork of monkeys with a gene capable of altering cellular structure and physiology, indicating a potential gene therapy for glaucoma.
INTRODUCTION
Primary open angle glaucoma (POAG) is considered as a lifelong disease involving optic nerve deterioration with elevated intraocular pressure (IOP) as the main risk factor. Proper IOP-lowering treatments can prevent or slow down the glaucomatous retinal ganglion cell loss. 1 Even though these approaches have been successfully used for several decades, they carry a number of problems, with some potentially causing failure of the treatment. One of the most important issues is that the IOP-lowering effects of current available therapeutic strategies usually failed to last long. Although trabeculectomy and other similar surgical procedures can lower IOP by creating an additional channel to drain aqueous humor, the main complications, including scarring around the fistula, will lead to failure of the surgeries. 1, 2 Therefore, alternative approaches for glaucoma treatment are in urgent need.
It is generally accepted that the actin cytoskeleton and its associated cellular interactions in the trabecular meshwork (TM) and juxtacanalicular tissue (JCT) contribute mainly to the formation of aqueous outflow resistance. Rho-GTPase (Rho)-mediated signaling pathways regulate the assembly and contractility of the actomyosin network. Rho-associated protein kinase (ROCK) is one of the major downstream effectors of Rho, and previous studies showed that the inhibition of ROCK lowers IOP in rats, rabbits, monkeys, and POAG patients. [3] [4] [5] [6] [7] Exoenzyme C3 transferase (C3), isolated from Clostridium botulinum, specifically inactivates Rho by ADP ribosylation. 8 Our previous work elucidated that adenoviral-vector-mediated C3 expression can significantly induce morphological changes in cultured human TM (HTM) cells and increase outflow facility in organ-cultured monkey anterior segments. 9 Our group also reported that C3 expressed by lentiviral vector (LV) inactivates RhoA in HTM cells by ADP ribosylation, resulting in the disruption of actin cytoskeleton and altered cell morphology, and lowered IOP in rat eyes for 40 days 10 and in monkey eyes for 112 days. 11 Interesting enough, there were no significant inflammatory reactions observed in these in vivo studies. 10, 11 In the present study, we investigated the possibility of developing a potential glaucoma gene therapy using self-complementary adeno-associated virus. (AAV) (scAAV) vectors. This is the first report, to the best of our knowledge, of using an AAV-based vector to transduce the TM of a live nonhuman primate with a gene capable of altering cellular structure and histology and lowering IOP. Even though the vector can efficiently transduce the corneal endothelium (CE), the vector itself did not affect the cornea. We, therefore, compared the differences of biological properties between the scAAV2 and LV used in our previous studies.
RESULTS

Effects of scAAV2-Mediated C3 Expression on HTM Cells
Recombinant scAAV2 expressing either enhanced green fluorescent protein (scAAV2-EGFP) or C3 protein (scAAV2-C3) were prepared. scAAV2-EGFP-treated and medium-only-treated cells were used as viral-only and negative controls (mock), respectively. Multiplicities of infection (MOIs) were determined by simply dividing the number of viral particles (milliliters added Â viral genomes [vgs] per milliliter]) by the number of cells added per well. HTM cells were cultured to an endothelial-like monolayer with extensive intercellular contacts. Compared to the controls, HTM cells transduced with scAAV2-C3 appeared to be either elongated or rounded up at 24 h, and their changes became more obvious at 48 h after exposure ( Figure 1C ). Correspondingly, there was a disruption of actin cytoskeleton and morphological changes in cells treated with scAAV2-C3 at a MOI of 1.25 Â 10 4 ( Figure 1C ), which was not observed in controls. Quantitatively significant differences in actin cytoskeleton disruption were detected among these three groups ( Figure 1D , bottom; n = 3; p < 0.01). The bright EGFP expression was found in the scAAV2-EGFP-treated cells but was not detected in the scAAV2-C3-treated cells or the mock cells (Figures 1C, middle, and 1D, top).
As C3 modifies and inhibits Rho, RhoA expression in HTM cells was examined by western blot following C3 expressing vector delivery. The results ( Figure 1B) showed an increase in the molecular weight of RhoA, which was presumably due to the ADP ribosylation of the protein and a significant decrease in RhoA level in the scAAV2-C3 group, consistent with previous studies, including ours. 11, 12 These changes were in a dose-dependent manner, with maximum changes observed with a MOI of 1.5 Â 10 4 of scAAV2-C3, showing a band with a slightly increased molecular weight and the RhoA level reduced by 51% ( Figure 1B ; n = 3, p < 0.001; versus scAAV2-EGFP, p < 0.001 versus mock). There was no difference observed between scAAV2-EGFP-treated and mock cells (p > 0.05).
EGFP Expression in Anterior Segments Following Vector Delivery
C57BL/6 mice were injected in one eye with 5 Â 10 8 vgs of either scAAV2-C3 or scAAV2-EGFP, and the fellow eye served as the normal control (un-injected). For each Macaca mulatta rhesus monkey, a single dose of 3 Â 10 10 vgs of scAAV2-C3 was injected intracamerally into one eye, and the same dose of scAAV2-EGFP was injected into the contralateral eye.
Mice injected intracamerally with scAAV2-EGFP showed positive fluorescence mainly in the anterior chamber angle and the CE at day 14 after injection ( Figure 2A ). In monkey eyes, because the nasal anterior chamber angle was covered by epicanthus, the temporal quadrant was used as the main region for fluorescence detection. Monkey eyes receiving scAAV2-EGFP demonstrated detectable EGFP expression in the tissues of the anterior chamber angle as early as 3 days post-injection ( Figure 2C ). The dust-like fluorescence was distributed in the anterior chamber and was more obviously visible at 14, 35, 70, and 77 days when the examination under anesthesia was performed. A starry fluorescence was found over all the quadrants of the CE (Figures 2C and 2D ). All scAAV2-C3-injected eyes demonstrated no EGFP expression at each time point.
To investigate whether the EGFP expression in vivo was on the CE of mouse, the corneal flat mounts were used to detect the fluorescence Figure 1 . Effects of scAAV2-Mediated C3 Expression on HTM Cells (A) Detailed structure of the scAAV2 vectors. ITR, inverted terminal repeat; DITR, truncated ITR; C3, C3 gene; EGFP, enhanced GFP gene; CA promoter, a promoter that combined the CMV enhancer with the chicken beta-actin promoter; BGH polyA, a poly(A) signal from the bovine growth hormone gene; Amp, ampicillin gene. (B) Western blot and densitometric analysis for total RhoA expression at 48 h post-vector transduction at different MOIs (1.5 Â 10 4 and 7.5 Â 10 3 ). ADP-rib. RhoA, ADP-ribosylated RhoA. Results were normalized to the reference protein GAPDH, and these values were further standardized to that value in the mock group. (C) The morphological changes, EGFP expression, and actin labeling in HTM cells at 48 h after scAAV2 vector transduction (MOI = 1.25 Â 10 4 ). Scale bars, 100 mm. (D) Integrated optical density (IOD; top) and percentage of actin cytoskeleton-disruptive cells (bottom) in the three groups. The amount of cells in each field (263 mm Â 263 mm) was counted in terms of DAPIstained cells. All error bars indicate SEM, and the significance of difference was calculated using one-way analysis of variance (ANOVA). For (B), n = 3 per group; **p < 0.01; ***p < 0.001. For (D), n = 3; *p < 0.05 **p < 0.01 versus scAAV2-EGFP and mock groups.
postmortem. As observed in the living mice at 14 days, the CE appeared highly fluorescently labeled 21 days after transduction ( Figure 2B ).
To identify whether scAAV2 transduction was located on the CE of monkey, the clarity of the fluorescence image of this region was evaluated when the Micron IV focused on the cornea. As shown in Figure 2D, there were clearly sporadic signals in the CE when the Micron IV focused on the cornea, whereas the fluorescence image of the CE was blurry when the Micron IV focused on the iris, strongly indicating that the scAAV2 transduction was located on the CE instead of the anterior face of the iris, consistent with a previous report. 13 
Monitoring Inflammatory Reactions in the Anterior Segments
The corneal edema is graded as previously described: grade 0 is defined as no edema; grade 1, as slight edema with clear view of iris details; grade 2, as edema with clear view of pupil details; grade 3, as edema with obscuring view of pupil details; and grade 4, as dense edema with epithelial microcystic edema and obscuring pupil detail. 11 Mouse eyes injected with scAAV2-EGFP showed neither opacity nor signs of inflammation during the experiment, but those injected with scAAV2-C3 exhibited corneal edema of grade 2 at day 7 postinjections ( Figure 3A) . Table 1 summarizes the clinical observations in monkey eyes. Monkeys intracamerally injected with scAAV2-EGFP showed neither signs of inflammation nor opacity in the anterior segment of the eyes (Figures 3B and 3C; Table 1 ). The scAAV2-C3-transduced eyes were clear until 7 days post-transduction and then developed a corneal edema at different grades. Two monkeys presented with a corneal edema of grade 1 (monkeys 309 and 285), and another two presented with a corneal edema of grade 2 (monkeys 346 and 352). After that, the corneal edema in those four monkeys were more obvious until 63 days ( Figure 3D ; Table 1 ), when the corneal edema of grade 4 was found in monkey 352, that of grade 3 was found in monkey 346, and that of grade 2 was found in monkeys 285 and 309. Monkey 368 showed a mild cornea edema (less than grade 1) on day 14, and no significant changes observed thereafter. Other than corneal edema, no other signs or abnormalities were observed in these scAAV2-C3-transduced eyes.
IOP Changes in Animals Transduced with scAAV2 Vectors
In mice, the pretreatment IOP (baseline) was 12.67 ± 0.24 mmHg and 13.08 ± 0.42 mmHg in eyes to be injected with scAAV2-C3 and scAAV2-EGFP, respectively (n = 4 for each group), and there was no significant difference in baseline between the two groups (p > 0.05). The IOP in the scAAV2-EGFP-treated eyes did not showed significant change at day 7 post-injection, when compared to the baseline ( Figure 4A ; p > 0.05), with a mean percent IOP reduction of 2.3% ± 3.1% corresponding to a mean IOP difference of 0.33 ± 0.41 mmHg. However, scAAV2-C3 significantly lowered IOP in mice at day 7 after injection, when compared to the baseline ( Figure 4A ; p < 0.01), with a mean percent IOP reduction of 18.4% ± 1.6% corresponding to mean IOP difference of 2.33 ± 0.24 mmHg. There was a significant difference at day 7 in the mean percent IOP reduction between the scAAV2-C3-treated and scAAV2-EGFP-treated eyes ( Figure 4A ; p < 0.01).
Effects of the intracameral injection of scAAV2-C3 or scAAV2-EGFP on IOP of monkeys are shown in Figures 4B and 4C . The pretreatment IOP was 14.13 ± 0.42 mmHg and 14.00 ± 0.38 mmHg in eyes to be injected with scAAV2-C3 and scAAV2-EGFP, respectively (n = 5). There was no statistical difference in the baseline values of IOP between the two groups (p > 0.05). The IOP in the scAAV2-EGFP-treated eyes did not show significant changes post-treatment when compared to baseline ( Figure 4B ; p > 0.05). scAAV2-C3 significantly lowered IOP in monkey eyes at days 3, 7, 14, and 21 after injection, when compared to the baseline ( Figure 4B ; p < 0.05). As an example, there was a mean percent IOP reduction of 35.1% ± 6.3% corresponding to a mean IOP difference of 4.93 ± 0.85 mmHg at day 7. At days 3, 7, and 14, there were significant differences of mean percent IOP reduction between the scAAV2-C3 and scAAV2-EGFP groups ( Figure 4B ; p < 0.05).
To delineate the difference of IOP response in each monkey, the posttreatment IOPs were corrected for baseline IOP (IOP ratio) and charted as shown in Figure 4C . All IOP ratios in the scAAV2-EGFP group (IOP ratios-EGFP) showed a slight fluctuation around the baseline (IOP ratio = 1), while IOP ratios in the scAAV2-C3 group (IOP ratio-C3) exhibited a gradient difference among monkeys. After 28 days, the IOP ratio-C3 persisted below or above 1 in monkey 368 and monkey 352, respectively. Except for a few time points, the IOP ratio-C3 in monkeys 309 and 346 mainly stayed below or above 1, respectively. The changes in the IOP ratio-C3 in monkey 285 were between those of other monkeys and fluctuated around 1 until eutha-nasia. Furthermore, the status of the IOP ratio-C3 below 1 was kept until day 301 in monkeys 368 and 309.
Ultrasound Biomicroscopy (UBM) Examination and Corresponding Quantification of Central Corneal Thickness (CCT)
UBM allows the assessment in vivo of the anterior segment morphology and the CCT measurement in monkey eyes ( Figure 4D ). Compared to the scAAV2-EGFP group (490.5 ± 4.2 mm), the CCT significantly thickened in the scAAV2-C3 group (1, 136 .0 ± 89.6 mm) at day 175 post-injection (n = 4; p < 0.01). The CCT of the scAAV2-C3-transduced eye was corrected by contralateral CCT and presented as the CCT ratio-C3/EGFP. The CCT ratios-C3/ EGFP were significantly different among monkeys at the same dose of C3 transduction (p < 0.001) and presented in the following order: monkey 352 (2.84 ± 0.04) > monkey 346 (2.38 ± 0.03) > monkey 309 (2.16 ± 0.03) > monkey 368 (1.91 ± 0.04).
The Impact of Corneal Edema on IOP Measurements
Analysis of the results of IOP measurements and slit-lamp examinations performed at 15 time points from day 0 to day 126 showed that there was a potential relationship between IOP ratio and grade of corneal edema in the monkey eyes. A quadratic relationship was found between IOP ratio and the grade of corneal edema ( Figure 4E ; r 2 = 0.50, p < 0.001). When the grade was over 1, the level of corneal edema showed a positive correlation with the IOP measurements.
Since there was no significant difference of CCT between the right and left eyes in either adult or infant monkeys as previously described, 14 it is therefore assumed that, for each monkey, the CCTs of both the eyes to be injected with scAAV2-EGFP (right eye) and the scAAV2-C3-injected eye (left eye), respectively, were not different on day 0. The scAAV2-EGFP-injected eyes demonstrated normal signs at each time point; thus, the CCTs of those eyes at day 175 were equal to the CCTs of ipsilateral eyes at day 0. That is, the CCT ratio of before and after scAAV2-EGFP transduction (CCT ratio-EGFP) was 1, and the CCT ratio of scAAV2-C3-injected and scAAV2-EGFP-injected eye (CCT ratio-C3/EGFP) was equal to the CCT ratio of before and after C3 transduction (CCT ratio-C3). When the results of IOP response and CCT measurement were analyzed at 2 time points (day 0 and day 175), there was a quadratic relationship between IOP ratio and CCT ratio (r 2 = 0.78, p < 0.001). The CCT was positively correlated with measured IOP when the CCT ratio was over 1.6 ( Figure 4F ).
Hematoxylin and Eosin (H&E) Staining and Actin Labeling in the Anterior Segment of Animals
In H&E-stained paraffin sections, the histology of the anterior segment was analyzed in mouse and monkey eyes ( Figures 5A-5E ). Mouse eyes transduced with scAAV2-C3 exhibited a significant corneal thickening (155.3 ± 5.9 mm) at day 21, when compared to the scAAV2-EGFP-transduced eyes ( Figure 5A , top; 97.0 ± 1.8 mm; n = 3; p < 0.001). Vacuoles were found on the posterior face of the iris in the scAAV2-C3-transduced mouse eyes, but not in the scAAV2-EGFP-transduced mouse eyes ( Figure 5A , middle). The scAAV2-C3-treated mouse eyes showed greater intertrabecular space in the TM than scAAV2-EGFP-treated eyes ( Figure 5A , bottom). In monkey 285, the scAAV2-C3-transduced eye showed an edematous corneal stroma with blurring borders of collagen fiber in the posterior layer ( Figure 5B ), and the contracted endothelium was detached from Descemet's membrane ( Figure 5C ). There were vacuoles observed on the posterior face of the iris of C3-transduced monkey eye (Figure 5D ). All tissues of anterior segment showed no abnormalities in the scAAV2-EGFP-transduced monkey eye. In the TM ( Figure 5E ), the scAAV2-EGFP-transduced eye exhibited the regular organization of the beams and compact JCT, while the scAAV2-C3-transduced eye exhibited disorganized beams, loose stroma, and widened spaces within the JCT and TM. No inflammatory cell infiltration or proliferation was found in both scAAV2-EGFP-transduced and scAAV2-C3-transduced eyes.
Changes in the TM of monkey eye were also evaluated by phalloidin labeling of actin ( Figure 5G ). Compared to the scAAV2-EGFP group, there were contracted cells, discontinuity of intercellular junctions, and widening of intertrabecular spaces and the empty areas within the JCT and TM in scAAV2-C3-injected eye. In the CE of mouse flat-mount cornea ( Figure 5F ), the distribution of phalloidin labeling actin was concentrated in the circumferential cytoplasm. The mouse CE transduced with scAAV2-EGFP showed confluent hexagonal endothelial cells, an oval nucleus, and intact intercellular junctions, while scAAV2-C3-transduced CE demonstrated cavities scattered over the whole layer, contracted nucleus, and disorganized cell morphologies.
The Changes in Ultrastructure of CE in Monkey 285
Transmission electron microscopy (TEM) ( Figure 5H ) showed that the monolayer of endothelium was arranged tightly on Descemet's membrane in the scAAV2-EGFP-injected monkey eye. The endothelial cells with an oval nucleus were tightly attached to each other, and the intercellular borders did not appear to be distinct. In the scAAV2-C3-transduced CE, the cells lose their intercellular and cell-basement junctions. The contracted endothelial cells were detached from Descemet's membrane and exhibited the distinct cell borders. The intact cell nuclei were found in either the scAAV2-EGFP-transduced or the scAAV2-C3-transduced CE.
DISCUSSION
The modulation of IOP is crucial for the eye, and its elevation remains the major risk factor for the pathogenesis of glaucoma. Increased IOP is mainly due to the abnormally increased resistance to aqueous humor in the regions of the TM and JCT, as observed in some glaucoma patients. [15] [16] [17] It is known that the actin cytoskeleton and its associated cellular interactions regulated by the Rho/ROCK pathway play a crucial role in the formation of resistance to outflow and IOP modulation of the eye. A number of studies, including ours, have demonstrated that ROCK inhibitors, such as Y-27632, H-1152, and ripasudil (K-115), increased outflow facility and reduced IOP in rats, rabbits, monkeys, and human patients. 3-7 Therefore, the inhibition of the Rho/ROCK pathway is able to change the resistance of the TM and JCT to the outflow and, as a result, lower the IOP. Previous studies showed that the downregulation of 14-3-3 zeta resulted in the inhibition of transforming-growth-factor-b1 (TGF-b1)-induced contraction by decreasing the RhoA expression in HTM cells. 18 RhoA-induced ocular hypertension in a rodent model was associated with increased fiborgenic activity, 19 and the small interfering RNA against RhoA suppressed the TGF-b-induced early IOP elevations in rats. 20 Furthermore, a dominant-negative mutant RhoA delivered 352
Monkeys were administered a dose of 3 Â 10 10 vgs. There were no other signs, including hyperemia, conjunctivitis, and flare. OS, left eye; OD, right eye. www.moleculartherapy.org by an adenoviral vector increased outflow facility in a human anterior segment perfusion model. 21 A scAAV2 vector expressing the mutant RhoA cDNA prevented elevation of nocturnal IOP in rats for at least 4 weeks. 22 However, the inhibition of RhoA was accompanied by a massively increased RhoB expression, which partially compensated for the cellular functions of RhoA. 23 C3, a 24-kDa single-chain protein from Clostridium botulinum, 8 avoids this compensation by inhibiting all Rho isomers, including RhoA, RhoB, and RhoC. We have demonstrated that an adenoviral vector was used to deliver C3 into the anterior chamber of organ-cultured monkey anterior segments and significantly increased outflow facility. 9 Furthermore, LV-mediated C3 expression induced changes in the morphology and actin cytoskeleton of cultured HTM cells, and intracameral delivery of LV-C3-GFP lowered IOP in rats 10 and monkeys 11 for at least 40 days and 112 days, respectively. [9] [10] [11] In the present study, we investigated the effects of a C3-expressing scAAV2 vector on HTM cells and on IOP in mice and monkeys and discussed the tissue tropism of this vector after delivery to the anterior chamber of monkey eyes.
Efficient reporter gene delivery to the TM of living monkey eyes 10, 13, [24] [25] [26] [27] and perfused human anterior segments [28] [29] [30] [31] [32] [33] was achieved by vectors derived from adenovirus, 24, 28, 31, 32 herpes simplex virus, 27 LV 10,25,26,29,30 and scAAVs. 13, 33 The schematic in Figure 6 summarizes our results and those from literature regarding the transduction ability of LV-and scAAV-based vectors in different cells and tissues of the monkey anterior segment after intracameral injection. In our previous studies, 10,11 a bright fluorescent ring was visualized in the TM following LV-mediated GFP gene transfer, and its intensity of fluorescence was much stronger than that of other tissues in anterior chamber, such as iris. Similar results were reported in cultured human donor eyes 29, 30 and monkey eyes 25, 26 after LV-mediated report gene transduction. The single-stranded AAVs (ssAAVs) have been used in therapy for inherited retinal and optic nerve diseases. 34, 35 However, the transduction efficiency of conventional AAVs in the TM seems very low, because it is hard for AAVs to form double-stranded DNA by themselves. 33 scAAV2 is modified to bypass the required second-strand DNA synthesis. The vector shows lower immunogenicity and efficient transduction in the TM of monkeys 13 and cultured human anterior segments. 33 Similar to our results, intracameral delivery of the scAAV2 vectors (containing cytomegalovirus [CMV] promoter in most of these studies) transduced not only the TM but also the CE and iris in live animals, including mice, 36 rats, 13, 22, 36, 37 sheep, 38 and monkeys, 13 without inducing an inflammatory response and other abnormalities. Gruenert et al. 39 reported that the scAAV2 (CMV promoter)-transduced human corneal endothelial cells in culture maintained cellular viability and showed regular morphology. Buie et al. 13 found that one of three monkeys developed an obvious anterior chamber inflammation at 48 days after injection of the scAAV2 containing a CMV-driven GFP at a dose of 3 Â 10 10 vgs, suggesting that the disappearance of the GFP expression (at 70 days) was probably due to the immunogenicity of GFP but not scAAV2 itself. We injected the same dose (3 Â 10 10 vgs) of scAAV2 containing a CMV-driven EGFP into the monkey eyes and found a clear anterior chamber and no signs of inflammation at any time point. Although the mechanism about clinical sign differences were not clear, our findings indicated that at least the scAAV2 vector itself used in this study and the expressed EGFP are relatively safe. Even if GFP is probably immunogenic in viral-transduced monkeys as mentioned earlier, we did not notice the C3 (or EGFP-)-induced toxicity after intracameral [9] [10] [11] or intravitreal 40 injection at certain dosages or transduction units, based on our previous studies, this study, and ongoing studies (data not shown). Similar to its effects on actin cytoskeleton and cellular adhesions of the TM, the transgene expression of C3 induced the same changes in these tissues. For the iris, C3 caused vacuolation of the posterior face but failed to cause further obvious side effects, at least in the period of the experiment. For the CE, however, C3 induced contraction of endothelial cells and detachment of the cells from the basement, which, in turn, caused dysfunction of the cells and edematous cornea. In studies with a CNS injury model, C3 inactivates RhoA and, thus, promotes axon regeneration of crushed optic nerve [41] [42] [43] [44] [45] or traumatic spinal cord 46 without noticed inflammation or toxicity. On the contrary, other studies suggested that the Rho/ROCK signaling pathway plays a critical role in lipopolysaccharide-induced inflammation [47] [48] [49] or trauma-induced innate immune response, 50 and C3 did prevent these effects by inhibiting the release of inflammatory factors or chemotactic recruitment of monocytes. Our study also showed that the anterior chamber tissues did not exhibit inflammatory cell infiltration or proliferation after scAAV2-C3 injection. Furthermore, TEM showed an intact nucleus in the contracted endothelial cells, suggesting that C3 did not induce cell apoptosis or death.
As noted earlier, the scAAV2 vectors containing the transgene driven by a CMV promoter did not induce inflammation or toxicity in anterior chamber tissues of living animals after intracameral injection. Xiong et al., 51 however, demonstrated that ocular toxicity after subretinal injection of ssAAVs is associated with certain cis-regulatory sequences, and retinal damage occurs due to the activating of glial cells and upregulation of inflammatory factors. Interestingly, this study also claimed that the toxicity had almost nothing to do with transgene expression. Therefore, it should be noted that AAV may cause toxicity. As a vector used for gene therapy purpose, no doubt, more attention should be paid not only to its properties, such as serotypes, but also to its process of preparation and purification, dose usage, and delivery procedures.
In addition, IOP-lowering effects were still present in three of these monkeys with remarkable edematous corneas after quadratic correlation between measured IOP and grade of corneal edema or CCT. The other two monkeys exhibited comparatively mild corneal edema, and the IOP-lowering effects lasted for more than 10 months. These results demonstrated the efficacy of scAAV2-mediated C3 gene therapy for IOP-lowering purposes; clearly, further studies are needed to modify the vector and avoid its tropism to unwanted ocular tissues. For monkey eyes, when compared to the LVs used in our previous studies, the latter almost significantly transduced the TM only and reduced IOP for 112 days, 11 whereas the IOP-lowering effect of the scAAV vector lasted obviously much longer.
The fluorescence was distributed as a starry sky or cluster over all quadrants of the CE in scAAV2-EGFP-injected eyes. Accordingly, corneal edema and thickening were observed in the scAAV2-C3injected eyes after 7 days, and a quadratic relationship was found between the results of measured IOP and the grade of edema or CCT. The TonoVet tonometer uses rebound tonometry to measure IOP, 52 and there was a significant influence of corneal thickness on this type of tonometer. 53, 54 Our results agree with these findings and showed a significantly positive association found between the CCT and measured IOP when the CCT ratio exceeds a value of 1.6 ( Figure 4F ). In addition, the severity of corneal edema seems to be of importance for its effect on tonometry using TonoVet, 55 and that relationship in our result showed an insignificant change of IOP ratio in slightly swollen corneas (grade 1 and a value of 1.6). Neuburger et al. 56 reported that the rebound tonometer yielded the accurate IOP values in human donor eye with mild edema, which may be due to their relatively small contact area with the corneal surface. Therefore, the measured IOP reduction during the mild corneal edema, such as the significant IOP reduction at days 3, 7, 14, and 21, and the long-term IOP-lowering effect in two monkeys (monkeys 309 and 368) could be close to the "true" IOP changes. A change in corneal rigidity associated with the variation in corneal water content is the likely cause of the IOP measurement inaccuracy. 57 In the monkeys 352 and 346, their measured IOPs were persistently higher than baseline ( Figure 4C ; the IOP ratio persistently above a value of 1), and the clinical examination showed a more obvious corneal edema compared to other monkeys. These suggest that the IOP-lowering effect of those monkeys was truly present, but the corneal edema masked this effect and caused the overestimation of TonoVet tonometer measurement.
Quick onset of the IOP-lowering effect was observed at day 3 post-injection, both in scAAV2-C3-injected and LV-C3-injected 11 monkey eyes. However, the scAAV2-C3-treated HTM cells in culture exhibited morphologic changes at 24 h, while the LV-C3-treated cells showed changes as early as 3 h. Since we cannot ensure how the IOP changes in the monkey eyes on the first and second days, these in vitro results indicated that the LV-based vectors result in earlier onset of C3 transgene expression than scAAV2-based vectors as evidenced by the morphological changes in cultured HTM cells. Buie et al. 13 reported that scAAV2-GFP transduced the TM very efficiently and that the reporter transgene expression lasted for at least 2.35 years in monkey. In the present study, we showed that the scAAV2-C3induced IOP reduction occurred quickly, with durations of up to 10 months. LV transduced the TM of living monkeys, and the period of report gene expression lasted for at least 1.25 years. 25 Unexpectedly, a study using feline immunodeficiency virus (FIV)-mediated prostaglandin F synthase expression in ciliary muscle achieved 2 mmHg of IOP reduction, but the effect lasted for only 5 months in monkey eyes. 26 Similarly, the LV-C3-transduced monkey eyes demonstrated a significant IOP-lowering effect for about 4 months, as we previously reported. 11 These results indicated that the duration transgene expression of scAAV2 vector was much longer than that of LV. Therefore, scAAV2 appeared to be more promising in the use for IOP-lowering gene therapy, but again, its tropisms to the CE should be eliminated.
In summary, this finding is consistent with those of our previous studies, [9] [10] [11] showing that viral-vector-mediated C3 expression induces ADP ribosylation of RhoA, disrupts the actin cytoskeleton in HTM cells, and decreases IOP in animals. Although the TonoVetmeasured lowering effect of IOP was masked by corneal edema, the measured IOP reduction was significant at days 3, 7, 14, and 21 in all monkeys, and this effect lasted for 10 months in monkeys 368 and 309 with mild cornea edema. However, scAAV2 vector shows a strong tropism in other tissue or cells (mainly in the CE) in the anterior segment of the eye; therefore, the C3 expression induced additional results, including corneal edema and iris vacuolation. Even though the scAAV2 itself did not exhibit toxic or side effects on cornea, as a vector to be used for gene therapy for lowering IOP, the vector still needs to be modified to remove its tropism to ocular tissues other than those in outflow pathways. The most commonly used primate model with elevated IOP or glaucoma can be made by application of an argon laser to part of the TM. 58 Further studies are needed to test the effect of viral vector-mediated C3 expression in ocular hypertensive primate models. The more significant IOPlowering effects may be achieved with such models, since the reduction of IOP via trabecular meshwork pathway is pressure dependent. 59 These studies will pave the way for clinical application of glaucoma gene therapy in the future.
MATERIALS AND METHODS
Animals
All animals were maintained and handled in accordance with the scAAV2-EGFP (1 Â 10 12 vgs/mL) or scAAV2-C3 (5 Â 10 11 vgs/mL) ( Figure 1A) was prepared by the Beijing FivePlus Molecular Medicine Institute (Beijing, China). scAAV2 vector expressed C3 or EGFP driven by a chicken beta-actin promoter combined with the CMV enhancer (CA). Briefly, the C3 gene (657 bp) or EGFP gene (720 bp) with restriction sites and pscAAV2-CA plasmid from Five-Plus molecular medicine institute (FMMI) were digested with KpnI/BglII (New England Biolabs, Ipswich, MA, USA) and linked to each other. Then the ligation products were transformed into Escherichia coli JM109 (Takara Bio, Dalian, China) for further replication and obtained the pscAAV2-CA-C3 or pscAAV2-CA-EGFP plasmid, which contained the AAV2 inverted terminal repeat (ITR) needed for the AAV package. scAAV2-CA-C3 or scAAV2-CA-EGFP vectors were prepared by triple transfection of HEK293T cells followed by purification using the method of chloroform treatmentpolyethylene glycol (PEG)/NaCl precipitation-chloroform extraction as described previously. 60 A 0.22-mm polyvinylidene fluoride (PVDF) membrane filter (Merck Millipore, Billerica, MA, USA) provided sterilization. The viral titer was determined by qPCR method with the CA promoter as a target.
Cell Culture and Treatments
Primary HTM cells (ScienCell, Carlsbad, CA, USA) were cultured in TM Cell Medium (TMCM; ScienCell) at 37 C in an atmosphere of 5% CO 2 , as previously described. 10, 11, 61 Cells of passages 3 to 4 were used in the experiments. For western blot experiments, HTM cells (1 Â 10 6 cells per 25-cm 2 culture flask) were transduced with scAAV2-C3 (MOIs = 1.5 Â 10 4 and 7.5 Â 10 3 ) or scAAV2-EGFP (MOI = 1.5 Â 10 4 ). For actin labeling, HTM cells were cultured to 100% confluence (4 Â 10 5 cells per well in a 24-well plate) on coverslips, and then the cells were transduced with scAAV2-C3 or scAAV2-EGFP (MOI = 1.25 Â 10 4 ). Images of morphology and EGFP expression were taken using an Olympus (Tokyo, Japan) CKX53 inverted fluorescence microscope.
Western Blot Analysis
Western blot assays were performed as described previously, with modification. 62 Membranes were immunoblotted with antibodies against RhoA (#2117, rabbit monoclonal antibody, 1:1,000; Cell Signaling Technology, Danvers, MA, USA) and GAPDH (AF5718, goat polyclonal antibody, 1 mg/mL; R&D Systems, Minneapolis, MN, USA).
Actin Labeling of HTM Cells and Tissues
Actin analyses of HTM cells, flat-mounted mouse corneas, and monkey eye sections (monkey 285) were performed with rhodamine-phalloidin (Cytoskeleton, Denver, CO, USA) staining. 11 Subsequently, the labeled tissues or HTM cells were imaged with a Leica TCS SP5 confocal laser scanning microscope (Wetzlar, Hesse, Germany).
Viral Delivery to the Anterior Segment
Each mouse was anesthetized with 4% chloral hydrate (0.1 mL/10 g body weight; Sigma-Aldrich, St. Louis, MO, USA) given intraperitoneally. scAAV2 suspension (0.5-1 mL) was delivered to the anterior chamber using a Hamilton glass syringe with a 33G needle (Hamilton, Reno, NV, USA) as previously described. 63 Intracameral injection into monkey eyes was performed as previously described. 11 The viral vector suspension (30-60 mL) was delivered to the anterior chamber using a Hamilton glass syringe (100-mL volume) with a 30G needle (Hamilton).
IOP Measurement
IOP readings of the conscious mice were measured using the Tono-Lab rebound tonometer (Icare Finland, Espoo, Finland). The mice were gently restrained by hand and trained to acclimate to the measurement procedure until stable readings were consistently achieved.
Measurements were taken at the same time of the day between 2 and 4 p.m. on day 0 (before injection) and day 7.
IOP readings of each monkey were measured as described previously. 11 Measurements were taken at the same time of the day between 2 and 4 p.m. on day 0 (before injection), day 3, and day 7 during the first week, once weekly from day 7 to day 147, fortnightly from day 147 to day 175, and then every 6 weeks for the rest of the experiment period. Three readings were obtained per eye for each time point, and the mean IOP value was calculated and recorded in millimeters of mercury (mmHg).
Clinical Examinations of the Eye
General status of the monkey eyes was casually captured using a smartphone camera. The anterior segments of animals were regularly examined with a slit lamp biomicroscope (S350, Shanghai Medi-Works Precision Instruments, Hangzhou, China) and recorded with an attached camera (EOS 600D, Canon, Tokyo, Japan). The corneal clarity and anterior chamber cells and flare were evaluated post-injection.
The examination of monkey eyes using ultrasound biomicroscope (MD-300L, UBM, Tianjin Maida Medical Technology, Tianjin, China) was conducted as previously described. 11 Five images were captured for each monkey, and the CCT, a marker of corneal hydration and metabolism, was quantified using Adobe Photoshop CS5 (San Jose, CA, USA).
In Vivo GFP Expression
The fluorescent image system of a Micron IV Retinal Imaging Microscope (Phoenix Research Labs, Pleasanton, CA, USA) was used to evaluate EGFP expression in mouse and monkey eyes as previously described. 10, 11 Eye Enucleation and Processing Mice were sacrificed by cervical dislocation at 21 days postinjection. Monkey 285 was anesthetized and euthanized with sodium pentobarbital (120 mg/kg) administrated by intraperitoneal injection at 77 days. The eyes were immediately enucleated for pathological analysis.
In monkey 285, small (1-mm 3 ) pieces of peripheral cornea for TEM were isolated, fixed in 2.5% neutral phosphate-buffered glutaraldehyde, and post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4). The tissue pieces were dehydrated in a graded ethanol series and embedded in epoxy resin. Ultrathin sections were cut and stained with uranyl acetate and lead citrate. Two sections of each eye were examined.
Mouse eyes and other monkey eye tissues were fixed in a formaldehyde, acetic acid, and saline (FAS) fixative (Wuhan Servicebio, Wuhan, China), infiltrated with paraffin, cut in 4-mm sections, and stained with H&E. Part of the sections in monkey eye were stored at À80 C for later actin labeling.
In direct fluorescence and actin labeling of cornea flat mounts, mouse eyes were fixed in 4% paraformaldehyde for 2 h and rinsed in PBS. The sclera was dissected with a circumferential incision parallel to the limbus, followed by removal of the lens and iris. Four radial cuts were made from the center of the cornea to allow flattening of the tissue.
H&E staining sections and flat-mount corneas (direct fluorescence) were photographed with an Olympus CKX53 inverted fluorescence microscope and then analyzed by an experienced ophthalmic pathologist.
Statistics SPSS 18 software (IBM, Chicago, IL, USA) was used for statistical analysis. Comparisons between two groups were analyzed using the two-tailed paired Student's t test. Comparisons of multiple groups were performed using one-way analysis of variance (ANOVA). Regression models were fitted to assess the relationship between the IOP ratio and the grade of corneal edema or CCT. Selection of the most appropriate model required a significant (p < 0.05) coefficient for each polynomial term coupled with the greatest possible r 2 (coefficient of determination). A p value of <0.05 is statistically significant. Data are presented as mean ± SEM.
